Using density functional theory with a hybrid functional, we calculate the ionization energies and electron affinities of a series of delafossite compounds (AMO 2 : A = Cu, Ag; M = B, Al, Ga, In, Sc). The alignments of the valence band maximum and the conduction band minimum, which directly relate to the ionization energies and electron affinities, were obtained by calculations of supercell slab models constructed in a nonpolar orientation. Our calculations reveal that the ionization energy decreases with an increasing atomic number of group-III elements, and thus suggest an improved p-type doping propensity for heavier compounds. For keeping both a low ionization energy and a band gap of sufficient size, CuScO 2 is superior to the Cu-based group-III delafossites. By analyzing the electronic structures, we demonstrate that the compositional trend of the ionization energies and electron affinities is the result of a combined effect of d-band broadening due to Cu(Ag)-Cu(Ag) coupling and a repositioning of the d-band center.
I. INTRODUCTION
Transparent conducting oxides (TCOs) have attracted attention in the past few decades because of their application as current-spreading layers in optoelectronic devices such as solar cells and light emitting diodes. Special interest is paid toward the application for transparent electronics, however, such devices require complementary doping that has yet to be achieved on a functional level [1] . While n-type TCOs such as In 2−x Sn x O 3 (ITO) find widespread use, p-type TCOs still remain elusive [2] . The difficulty of hole doping oxides comes from the fundamental limitation of their typical electronic structure. Oxides often possess large ionization energies (IEs) and electron affinities (EAs), which make them highly susceptible to n-type doping but extremely disinclined to p-type doping. Additionally, the valence band maximum (VBM) derives dominantly from O-2p states and holes tend to localize on O 2− , limiting the hole mobilities. One approach to improve p-type doping propensity is to mix 3d states into the valence band. Among the first-studied p-type TCOs, Cu 2 O showed a strong potential because of its high d 10 states that lead to a smaller ionization energy and allow hole doping. The p-type nature of the undoped sample is attributed to Cu vacancies and the corresponding Cu 2+ state. Cu 2 O also has a reasonable hole mobility, as high as 100 cm 2 /V s. However, its small band gap, E g = 2.1 eV, precludes the requisite transparency [3] .
The mixing of Cu 2 O with group-III oxides opens up a wider band gap by reducing the dimensionality from three dimensions (3D) to two dimensions (2D), while the ability to create mobile holes is retained. The corresponding delafossite materials have thus been examined closely as p-type TCOs, with the prototypical CuAlO 2 exhibiting E g = 3.1 eV and high electrical conductivity [2, 4, 5] . The delafossite structure has long been of interest because it hosts both metallic and insulating behavior, as is well exemplified by the metalinsulator transition in a partial solid solution between AgNiO 2 and AgCoO 2 [6] . In the past decade, the search for p-type TCOs in the delafossite family has been expanded both by replacing Al with other trivalent metals and by substituting Ag for Cu. Promising improvements in the p-type conductivity are seen in doped CuScO 2 and CuCrO 2 .
To investigate the nature of p-type conductivity, the electronic structures of many delafossites have been investigated by density functional theory (DFT) calculations, and particular interest has been paid to the Cu-containing p-type TCOs. Evidence has been obtained that the p-type conductivity originates from the formation of Cu vacancies and facile oxidation of Cu 1+ to Cu 2+ [7] . By calculating the band offsets using a superlattice model, Shi et al. found that CuScO 2 has a higher valence band maximum than group-III Cu-based delafossites [8] . More recently, Scanlon et al. discussed the conductivity anomalies in Cu-based delafossites and showed the importance of M-O bonding for conductivity [9] . In addition, the extent of M-M bonding in delafossites has been examined with DFT for a number of different A and B cations [10, 11] . In these studies the authors note that both the Aand B-site cations contribute to the electronic structure near the Fermi level. They also found that the A-site d z 2 orbitals are responsible for the highly disperse bands and may be important for stabilizing metallic ground states.
Despite the many theoretical studies of the delafossites, both the doping propensity and the variation of conductivity within the family are not well understood while both cations are subject to replacement. The ionization energy and electron affinity can provide a general indication of the p-and n-type doping propensity of a material [12] . Generally speaking, a smaller ionization energy (or higher VBM position) facilitates p-type doping, while a larger electron affinity [lower conduction band minimum (CBM) position] tends to indicate ease of n-type doping.
The ionization energy and electron affinity of TCOs are also important in optoelectronic devices. They determine, for example, the work function of the TCO used in an organic photovoltaic (OPV), which plays a key role and can be tailored to optimize the device efficiency. These electronic properties have thus been rigorously studied for p-type TCOs. However, the work function is not a unique bulk property and can vary with crystal orientation, surface/interface reconstruction, and strain [13] . The work function can also be greatly modified by the doping level.
The p-type doping of oxides is also important in the field of dilute magnetic semiconductors (DMSs) [14] . DMS materials have been realized in III-V and II-VI compounds where p-type doping is the key factor since the ferromagnetism originates from the hole-mediated coupling between local spins [15] . The hole doping can either come from single magnetic dopants or from codoping of a transition metal and p-type dopant. For either approach, the doping propensities can be revealed by the ionization energies and electron affinities.
Most previous studies employed local or semilocal functionals that are known to have discrepancies not only on the band gap but also on the alignment of band edge states. In this paper, we conduct a systematic study of the ionization energies and the electron affinities using a hybrid functional, for a series of Cu and Ag delafossite compounds AMO 2 (A = Cu, Ag; M = B, Al, Ga, In, Sc). By constructing supercells containing slabs that model the bulk and surface area of AMO 2 , we calculated the values of the VBM and the CBM aligned to the vacuum. Trends in the EA and IE are discussed.
II. METHODOLOGY
The computational methods used here are based on density functional theory (DFT). The Vienna ab initio simulation package (VASP) is used throughout to perform the calculations, in which the wave functions are described a by plane-wave basis and the ionic potential is described by the projector augmented wave (PAW) approach. Both the Perdew-BurkeErnzerhof (PBE) generalized gradient approximated (GGA) functionals and the Heyd-Scuseria-Ernzerhof (HSE) hybrid functionals are used for the exchange-correlation potentials and energies.
Using both PBE and HSE methods, we optimized the atomic structures of selected Cu and Ag delafossites (AMO 2 , in which A = Cu, Ag and M = B, Al, Ga, In, Sc) and calculated the electronic structures. The calculations are done for a 2H structure. The unit cell used in the calculations is shown in Fig. 1(a) . An 8 × 8 × 2 Monkhorst-Pack k mesh is used for all the delafossite calculations. A cutoff energy of 550 eV is used for geometry relaxation, and 400 eV for electronic structure calculations such as band structure and density of states.
In order to determine the ionization energies and electron affinities, we use slab calculations to align the average electrostatic potential of the bulk delafossites with that of the vacuum. The slabs are constructed with four consecutive layers of Cu atoms and Al-O octahedra [ Fig. 2 The parameters marked by * are taken from a 3R structure, since their 2H structures are not available. The c/a for these compounds are reduced proportionally from a three-layer 3R cell to a two-layer 2H cell. NA stands for not available. in which E VBM and E CBM are the absolute values of the VBM and CBM energies obtained from bulk calculations. Although this method has been widely used in calculating the band edge states of various semiconductors, it can be limited by surface effects. The redistribution of charges and the presence of dipoles at the surface may slightly alter the electrostatic potential alignment of the bulk and vacuum regions. These surface effects are largely reduced by carefully choosing nonpolar surfaces and constraining the relaxation of the surface atoms, however, the effects cannot be totally diminished. The use of hybrid quantum mechanical/molecular mechanical calculations of the interface between the two compared materials may avoid the above problem and resolve band alignment to very high accuracy [16] .
III. RESULTS

A. Crystal structure
The AMO 2 delafossite structure type (CuFeO 2 , 1946) [25] consists of two types of cations, of which one is monovalent (A = Cu, Ag, Pd, Pt) and the other is trivalent (M = B, Al, Ga, In, Sc, Fe, Y, etc.). The trivalent cations form a continuous sheet of MO 6 octahedra. These stacked sheets of octahedra are connected by the monovalent A cations through linear O-A-O bonds [ Fig. 1(a) ]. Variation of sheet stacking leads to the 2H and 3R delafossite polytype structures. The 2H structure is in P 6 3 /mmc space group (No. 194) and consists of two MO 6 layers per unit cell that are stacked in a similar way as in the hcp structure. The 3R structure contains three MO 6 layers per unit cell and exhibits rhombohedral symmetry of a space group of R3m (No. 166). The energy difference between the 2H and 3R polytypes is usually quite small for delafossites. For example, our PBE calculations for CuAlO 2 show that the 2H is only 16 meV higher in energy than the 3R. In addition to the enthalpies of formation, the electronic structures of the two CuAlO 2 polytypes are also very similar, with the band gap of 2H only 0.04 eV larger than that of the 3R. This is contrary to some other semiconductor materials such as SiC where the band gap differences can be as large as 1 eV [26, 27] . Because the differences between the 2H and 3R polytypes are very small, we concentrate solely on the 2H structure in the current work and assume that the 3R behaves similarly. Table I experiments. For CuIIIO 2 and AgIIIO 2 compounds (III stands for group-III elements, including B, Al, Ga, and In), the lattice constants (a = b and c) increase with increasing atomic number, whereas the c/a ratio decreases. The change in the lattice parameters is consistent with the change in the M-O and Cu-O bond lengths. As shown in the table, the increasing size of the group-III atoms will weaken the M-O bonds and will lead to a longer bond length. The weakening of the M-O bonds in turn strengthens the Cu-O bond and makes it shorter. It is also important to notice that the Ag-O length is significantly larger than that of Cu-O. However, the M-O bond lengths are quite similar in both the Cu and Ag delafossites, although those of the latter are slightly larger. These bonding features will strongly affect the electronic structures of the compounds.
B. Electronic structure
We calculate the band structure and projected density of states (PDOS) for the delafossites. The PBE band gaps are significantly smaller than suggested by the available experimental results, whereas the HSE values agree well (Table II) . The HSE gap for Cu 2 O is 2.03 eV, which is in good agreement with the experimental value of 2.1 eV. This small direct gap leads to the absorption of a sizable amount of the visible light spectrum and prevents the use of Cu 2 O as a p-type TCO. In comparison, the gaps in Cu and Ag delafossites are indirect and are typically larger than those of Cu 2 O and Ag 2 O, with only CuInO 2 as an exception. However, the gap of 1.74 eV for CuInO 2 is indirect, and its direct gap is 4.65 eV, which is much larger than the energy of blue light.
Although HSE significantly improves the band gap values, some delafossites still show a considerable difference between the HSE band gaps and the experimental measurements. The deficiencies may come from both the theoretical sites and the experimental sites. As a hybrid functional method that mixes the exact exchange energy and the local and semilocal functionals, HSE results may still be different from the true gaps and the discrepancy strongly varies with the materials. 2 , these values show considerable improvements while comparing with the XES spectroscopy than the previous DFT results obtained by using the semilocal functionals.
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The band structures and PDOS of CuAlO 2 and AgAlO 2 are shown in Fig. 3 . The PDOS of all other studied compounds are shown in Fig. 4 . The states around the valence band maximum (VBM) of CuAlO 2 are predominantly Cu-3d states, while the O-2p states are mainly located 2-3 eV below the VBM. Conversely, the states around the VBM of AgAlO 2 consist of both O-2p and Ag-4d states, with the Ag-4d states also extending down to significantly lower energies. These electronic structure features affect the electronic properties of Cu and Ag delafossites, such as the effective mass and the ionization energies and electron affinities.
The VBM is located at the L point for both CuAlO 2 and AgAlO 2 , although the energies of the highest VB states at the M, H , and K points are also very close to those of the VBM. In both compounds, the conduction band minimum (CBM) is located at the point. We assume that the energy difference between the average electrostatic potential of the bulk material and the vacuum level is the same for both the PBE and HSE calculations because the HSE functional only makes a slight change to the ground state charge distribution. We therefore align the Kohn-Sham orbital energies at each point. As shown in Fig. 3(a) , the HSE calculation for CuAlO 2 shifts the VBM downward and the CBM upward by almost equal amounts. These shifts result in an increased ionization energy and a decreased electron affinity. A similar trend is also found for AgAlO 2 , however, its correction to the VBM level is more significant than that for the CBM [ Fig. 3(b) ].
The band structures for both compounds display large in-plane dispersions and very small dispersions in the perpendicular direction. These differences in the dispersion are consistent with the crystalline anisotropy of the delafossite structure and result in the hole mobility being much smaller in the perpendicular direction.
C. Band alignments
The positions of the band edge states are calculated using the slab model described in the Methodology section above. The calculated ionization energies (IEs) and electron affinities (EAs) are listed in Table III and are also presented schematically in Fig. 5 . PBE underestimates the ionization energy of Cu 2 O by about 1 eV and overestimates the electron affinity by about 0.6 eV. Therefore, the reduction of the band gap in the PBE calculations is caused by both the downward shift of the CBM and the upward shift of the VBM. On the other hand, HSE corrects most of the PBE errors and yields IE and EA values that are in good agreement with experiment. For most other compounds, HSE corrects the IE and EA results by lowering the VBM and increasing the CBM energies.
Our results are generally in good agreement with prior theoretical studies, despite the use of different models (surface slab versus superlattice) and functionals (LDA/GGA versus hybrid). For example, we found that CuAlO 2 and CuScO 2 have a staggered band alignment, i.e., they may form a type-II quantum well or superlattice. This agrees with the result of Shi et al. [8] , although the valence band offset in that study was 0.40 eV while our result is a smaller, 0.16 eV. The band alignments across group-III Cu-based delafossites follow the same general trend as previously calculated [12] . However, in contrast to Nie et al., we find that the VBM of CuGaO 2 is lower than that of CuAlO 2 . The band alignments can reveal the propensity for n-and p-type doping of materials. Compared with Cu 2 O, the VBM of the Cu delafossites varies only slightly, with the exception of CuBO 2 . As shown in Table III The VBM position in the Ag delafossites shows a similar trend as the Cu delafossites, i.e., the VBM shift upward with an increasing atomic number of the group-III element. Among all the related compounds, AgBO 2 has the lowest VBM. AgInO 2 has a desirable VBM position since its IE is 5.73 eV, close to that of Ag 2 O. Although its indirect band gap is only 1.66 eV, AgInO 2 possesses a direct gap of 2.26 eV, which, similar to CuInO 2 , is large enough to transmit green light. In addition, AgScO 2 has a gap of 3.55 eV and its IE is the about the same as Ag 2 O. Generally speaking, the VBMs of silver oxide and the Ag delafossites are lower than those of the analogous Cu compounds. This difference is a result of a greater stabilization of the Ag-4d state than the Cu-3d state. This smaller IE leads to a better p-type doping propensity that is important for the use of Cu delafossites as TCOs.
The delafossite structure is a mixture of the Cu 2 O structure and the M 2 O 3 structure, stacked in alternating layers. Many structural features, such as the linear O-Cu-O and the MO 6 octahedra, are preserved in the delafossite structure. Geometric features of the native compounds are modified by the mixture, and the electronic properties of delafossites depend on the interplay between the Cu 2 O and the M 2 O 3 layers. As shown in Fig. 6(a) Among all the geometric features, the most change is seen in the Cu-Cu distance. As shown in Fig. 6(a) , the nearestneighbor Cu-Cu distance varies from 2.534Å for CuBO 2 to 3.324Å for CuInO 2 . The modulation of the Cu-Cu distance significantly affects the coupling between the 3d orbitals at neighboring Cu atoms and changes the width of the 3d bands. A shorter Cu-Cu distance leads to broader 3d bands, and thus they are broadest in CuBO 2 , covering an energy range of about 10 eV (Fig. 4) . Oppositely, Cu 2 O has the most narrow 3d bands, partially due to its larger Cu-Cu distance and partially due to the misalignment of the 3d orbitals on neighboring Cu atoms.
The broadening of the 3d bands in the Cu delafossites should, in principle, cause an upward shift in the VBM energy; however, our calculations show the opposite behavior, with the VBM increasing with the increasing size of the M atom. We explain this by examining the center of the Cu-3d bands in Cu 2 O and the Cu delafossites. As shown in Fig. 6(b) , the Cu-3d band center rises as the size of M increases. This leads the CuBO 2 3d band center to be about 5 eV lower than that of CuInO 2 , consistent with our IE results. The center of the Cu-3d bands in CuScO 2 and Cu 2 O is 3-4 eV below CuInO 2 . However, since the 3d bands are significantly narrower, the VBM energies are comparable with those of CuInO 2 .
IV. CONCLUSION
In summary, we systematically studied the atomic and electronic structures of a series of Cu and Ag delafossites using the first principles DFT method with hybrid functionals featuring a screened exchange. The band alignments (the ionization energies and the electron affinities) are calculated by aligning the average electrostatic potential in the bulk region of the compounds and the vacuum region in a slab model.
A nonpolarized orientation was chosen to minimize artifacts caused by the surface dipoles. The calculated IE and EA values for Cu 2 O are in excellent agreement with the experimental values. We found that the VBM energies of delafossites do not differ significantly from the native oxides, except for CuBO 2 and AgBO 2 . Their low VBM indicates the difficulty of p-type doping in these materials. On the other hand, CuAlO 2 , CuGaO 2 , and especially CuScO 2 are good candidates for p-type TCOs. The compositional variation of the VBM energy is the combined result of both the 3d-band widths and centers, which are controlled by structural features such as the Cu-Cu or Ag-Ag distances. At the end, we would also like to emphasize that although the study of the band edge states can provide a good indication of the doping propensity of the semiconductor materials, the nature of the defect states and their formation can only be revealed by direct defect calculations. Although the methods are well developed for such calculations, a full scale first principles investigation requires a large amount of resources for one material and can hardly be done across an entire family of materials.
